Simple two-state folding kinetics of many small single-domain proteins are characterized by chevron plots with linear folding and unfolding arms consistent with an apparent two-state description of equilibrium thermodynamics. This phenomenon is hereby recognized as a nontrivial heteropolymer property capable of providing fundamental insight into protein energetics. Many current protein chain models, including common lattice and continuum Gō models with explicit native biases, fail to reproduce this generic protein property. Here we show that simple two-state kinetics is obtainable from models with a cooperative interplay between core burial and local conformational propensities or an extra strongly favorable energy for the native structure. These predictions suggest that intramolecular recognition in real two-state proteins is more specific than that envisioned by common Gō-like constructs with pairwise additive energies. The many-body interactions in the present kinetically two-state models lead to high thermodynamic cooperativity as measured by their van't Hoff to calorimetric enthalpy ratios, implying that the native and denatured conformational populations are well separated in enthalpy by a high free energy barrier. It has been observed experimentally that deviations from Arrhenius behavior are often more severe for folding than for unfolding. This asymmetry may be rationalized by one of the present modeling scenarios if the effective many-body cooperative interactions stablizing the native structure against unfolding is less dependent on temperature than the interactions that drive the folding kinetics.
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INTRODUCTION
A logical test of any general conception about the driving forces in protein folding is to ascertain whether polymer models incorporating the given idea can predict generic behavior of real proteins. 1, 2 In these considerations, self-contained polymer models with explicit chain representations 3 are of particular importance. Quite obviously, the relationship between model energetics and conformational distribution can only be addressed in a physically plausible manner when chain connectivity and excluded volume are adequately taken into account. Using this analytical framework, we found that even mundane protein properties such as calorimetric two-state cooperativity 4−6 and simple two-state folding/unfolding kinetics 7, 8 are remarkable feats from a polymer standpoint.
Simply put, it is nontrivial to construct heteropolymer models with commonly used model interaction schemes to reproduce such behavior. These include popular 2-, 3-,
20-letter models and traditional Gō models (see below). 4−8 Generic protein properties
thus present severe constraints on modeling. Hence, insight into real protein energetics can be gained by requiring self-contained polymer models to satisfy such constraints.
Motivated by the proposed consistency principle 9 or principle of minimal frustration 10 for protein energetics, Gō 11 and Gō-like models (see, e.g., refs. 8, 12-16 and references therein) have long been used in protein folding investigations. These models postulate that only intrachain interactions found in the native (ground-state) conformation are favorable, all other possible intrachain interactions are assumed to be either neutral or unfavorable. Recently, this native-centric approach to modeling has often been justified as well by the discovery that folding rates of natural small single-domain proteins are well correlated with the contact order 17 of their native structures. How well do common Gō models mimic the generic properties of small single-domain proteins? For chain models configured on two-dimensional square lattices, we found that even with their explicit native biases, the common Gō interaction scheme falls far short of producing the type of calorimetric two-state cooperativity observed for many small proteins. 4 Threedimensional Gō-like lattice 5−7 and continnum 8 models are more proteinlike in this regard, as many of them may be considered calorimetrically cooperative if certain lattitude is allowed for empirical baseline subtractions. all nonnative contacts are assigned zero energy as in common Gō models. The resulting native-centric model has the energy function
where the prime superscript on the E ′ contact term indicates that the sum of pairwise 5-letter energies is restricted to native contacts, and the second term on the right disfavors left-handed helices. Here we use the same contact energies and γ lh parameter as in ref. 6 .
The ground-state energy of the present model equals −36.1. We refer to this as model (i).
Next we consider a model that embodies the idea of a cooperative interplay between local conformational preference and the (nonlocal) packing of the protein core. 4, 6, 7 This is motivated by the observation that secondary structure formation in globular proteins is often context dependent, and that short helices are often not stable in isolation but are stable when packed in the core of a protein (see, e.g., ref. 20 and references therein).
Here we mimic this effect by assigning a favorable energy E coop to each incidence of the conformational situation described in Figure 1 , leading to the energy function
where h c counts the incidences of a fully formed native helix having the cooperative interactions defined by Figure 1 , and 0 ≤ h c ≤ 4 for the present 55mer model. This we refer to as model (ii).
To account for the possibility that optimal packing of the protein core as a whole can impart significant thermodynamic stability to the native structure, we consider yet another model with an extra favorable energy assigned only to the native conformation.
The energy function now becomes
where the augmented E gs term takes a nonzero favorable value only when the chain is in its unique ground-state conformation. We refer to this as model (iii). We note that the E coop and E gs terms introduced in equations 2 and 3 are many-body in nature.
Many-body interactions have been investigated in the context of protein folding (see, e.g., refs. 6, 21, 22). However, their relationship with linear chevron plots and simple two-state kinetics has not been much explored. Figure 2 shows that the many-body cooperative interactions introduced above enhance thermodynamic cooperativity. In calculating the heat capacities of these models, we made the simplifying assumption that the interactions are temperature independent, and set enthalpy equal to the model energy, as in our previous investigations. 
is also studied [curve (a) ]. The trend observed in the lower panel of Figure 2 is that stronger many-body cooperative interactions of the type defined above generally lead to higher calorimetric cooperativity. However, there appears to be an upper limit on κ Figure 3 shows that at sufficiently strong intrachain interaction (more negative ǫ/k B T ), every folding arm of the three chevron plots exhibits a rollover. This suggests that chevron rollover is practically unavoidable in polymer models with physically plausible interactions, because when intrachain interactions become generally very favorable, kinetic trapping is bound to increase in importance. 7, 8 However, native thermodynamic stability would be extremely high when the model parameter ǫ/k B T becomes extremely negative. Many such situations are not physically realizable in real proteins, 7 whose * For every model considered in Figure 2 , the κ A comparison between the kinetic properties in Figure 3 and the thermodynamic properties in Figure 2 indicates that the thermodynamic requirement of simple twostate behavior is stringent, allowing only for a small adjustment from empirical baseline subtraction.
5 Apparently, a model has to be nearly or as cooperative as model (iii) or more to achieve a reasonable reproduction of simple two-state protein folding/unfolding kinetics. This suggests strongly that, in modeling situations when the heat capacity contributions from bond vibrations are not considered (as in the present cases) and intrachain interaction energies are taken to be temperature-independent, a without-baselinesubtraction ∆H vH /∆H cal ratio of κ 2 > 0.9 would likely be required for simple two-state kinetics [ Figure 2 , upper panel, model (iii)].
We have also checked that folding kinetics is essentially single exponential within the quasi-linear regime by confirming that the logarithmic distribution of folding first passage times is approximately linear. 7, 8, 25 In fact, extensive testing for ten values of ǫ/k B T between −2.22 and −2.78 covering the quasi-linear regime and beyond indicates that they are consistent with single exponential relaxation. Unfolding kinetics is essentially single-exponential as well (detailed data not shown). As in our previous study,
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the onset of non-exponential folding relaxation at interaction strength ǫ/k B T ≈ −2.9 is concomitant to that of a drastic chevron rollover.
Not surprisingly, Figure 4a shows that the free energy barrier separating the native and denatured states is higher for a more cooperative model, consistent with its slower folding and unfolding rates at the transition midpoint (c.f. Figure 3 ). Figure 4b shows that the relation between energy and the number of native contacts are approximately linear for the two cooperative models. In this regard, the present exercise suggests that certain many-body interactions embodying a local-nonlocal cooperative interplay (E coop = −1.0) and an added ground-state stability (E gs = −2.0) in proteins can lead to remarkable improvements in kinetic cooperativity even when the magnitudes of these terms are relatively small.
MODELING A PARTIAL SEPARATION BETWEEN THE INTERACTIONS FOR THERMODYNAMIC STABILITY AND THE DRIVING FORCES FOR FOLDING KINETICS
Having established a plausible scenario for simple two-state protein folding/unfolding kinetics, we proceed to broaden our exploration and to better delineate how various energetic components might contribute to this remarkable behavior. As a first step, we consider in this section a somewhat different class of models in which a local-nonlocal cooperative interplay is absent but the unique ground-state conformation is favored by an extra strong energy. The interaction scheme is a simplified version of equation 4 above, with the energy function
where E Go is the usual lattice Gō potential that assigns a favorable energy ǫ 0 (< 0) to every contact in the native structure of the model and assigns zero energy to all other (nonnative) contacts, and E gs applies only to the ground-state conformation, as in equations 3 and 4. To explore the effect of native topology, we study three cubic-lattice 27mer models with E given by equation 5 for three different ground-state structures (Figures 5 and 6).
As discussed above, the E gs term serves to increase native stability and enhance thermodynamic stability, leading to a reduced unfolding rate. But it has no effect on the folding kinetics modeled by Monte Carlo dynamics with the Metropolis acceptance criterion. 26, 27 Thus, the energetics described by equation 5 entails a partial separation between the interactions that drive the protein to fold kinetically (the pairwise contact energies E Go ) and the interactions that stabilize the ground-state structure (E Go and the many-body E gs ). Since E Go contributes partially to native stability, the role separation just described becomes a more predominant feature of the model when E gs is large compare to ǫ 0 . A similar mechanism of partial separation between folding-kinetics and ordering of their folding rates is consistent with a correlation between slower folding rate and higher relative contact order (CO). 17 However, for these models, the dependence of folding rate on CO is weak. Near the onset of drastic chevron rollover and non-exponential folding relaxation (ǫ/k B T ≈ −1.75), the 27mer model with CO = 0.51
folds only approximately 4 times slower than the 27mer model with CO = 0.28. The dispersion in folding rate is even smaller within the simple two-state regime. This is a far cry from the six orders of magnitude of variation in folding rates observed among real, small, single-domain proteins. 2 Recently, CO-dependent folding rates have been addressed using explicit-chain models with limited yet encouraging successes. Using a simulation study using cooperative Gō-like models with a nonlinear E-Q relation. A correlation between CO and folding rate was found but again the dispersion in folding rates spanned only 1 to 1.5 order of magnitude. While the mechanisms and energetics of CO-dependent folding remain to be better elucidated, 32 our more recent investigation
shows that models with a local-nonlocal cooperative interplay similar to that in models (i) and (ii) (equations 2 and 3) above can lead to a relatively large dispersion in folding rates and a better correlation between CO and folding rate.
33,34

A RATIONALIZATION OF NON-ARRHENIUS PROTEIN FOLDING/UNFOLDING KINETICS
The physics embodied by the extra favorable ground-state energy E gs in the models described by equations 3-5 above implies that there is a fundamental asymmetry between folding and unfolding kinetics. 28 This led us to ask whether the same physical picture may shed light on the significant difference in the degree of deviation from Arrhenius kinetics for folding versus unfolding that are often observed in experiments. Early measurements by Segawa and Sugihara 35 showed that the folding kinetics of hen eggwhite lysozyme was significantly non-Arrhenius (logarithmic folding rate ln k f nonlinear in 1/T ) whereas the unfolding kinetics was essentially Arrhenius (logarithmic unfolding rate ln k u linear in 1/T ). Table I summarizes more recent experimental data from the literature for several proteins with simple two-state folding/unfolding kinetics and whose temperature-dependent rates of both folding and unfolding have been measured directly. For the proteins listed, the trend that folding is more non-Arrhenius than unfolding is quantified by reported activation heat capacities for folding (∆C ‡ p ) f that are significantly larger in magnitude than the corresponding activation heat capacity for unfolding (∆C ‡ p ) u . Table I puts the "(∆C ‡ p ) f /(∆C ‡ p ) u " ratio in quotation marks because the common approach of using temperature-independent activation heat capacities to analyze folding/unfolding kinetics data may be problematic. 17 We note that another potential source of the difficulty is that possible temperature dependencies of the heat capacities 39 associated with protein folding/unfolding transitions were not considered in such analyses. Nonetheless, as an empirical parameter, "(∆C ‡ p ) f /(∆C ‡ p ) u " serves well to demonstrate that ln k f is often significantly more curvilinear in 1/T than ln k u .
This trend can be captured qualitatively in the present modeling context if the solvent-mediated driving forces for folding kinetics and the many-body native-stabilizing interactions are taken to have different temperature dependencies. This is a physically plausible assumption because some intraprotein solvent-mediated forces such as the hydrophobic effect are known to be sensitive to the sizes and shapes of the interacting groups.
40−42 Here we use a collection of cooperative 27mer models in Figure 5a with different values of E gs to expound the principles involved. Temperature-dependent interactions are now introduced by letting the pairwise contact energy ǫ 0 to vary with temperature in a hydrophobic-like manner while leaving E gs temperature-independent.
The following schematic analysis of T -dependent folding and unfolding rates (Figure 7) is similar to that introduced by Chan 26 and Chan and Dill. 27 However, the present focus on folding-unfolding asymmetry in the context of three-dimensional protein chain models was not addressed in these earlier studies of short-chain two-dimensional models. 26, 27 The first step in the present analysis is to obtain from Figure 5a the logarithmic folding and unfolding rates ln k f and ln k u [which are taken to be their respective − ln(MFPT)] as functions of ǫ 0 and E gs . Since the effective energy is given by −ǫE in Figure 5 (see above) where E is given by equation 5 with ǫ 0 set to −1, each (ǫ, E gs )-dependent datapoint in Figure 5a may be regarded as the folding or unfolding rate for the energy function E itself with an ǫ 0 value equals to that of ǫ and an E gs value equals ǫ times the E gs for the given unfolding chevron arm. We note that within the quasi-linear single-exponential regime,
holds approximately for constant α f and β f , because folding kinetics is independent of E gs . A least-square fit yields β f = −15.4. For unfolding within the quasi-linear singleexponential regime, the approximate linear relation
is expected, where α u , β u , and β 
Similarly, the temperature-dependent unfolding rate in the quasi-linear single-exponential regime of an effective E gs = −14 cooperative model is given by equation 7 above with ǫ 0 → ǫ 0 (T ) provided by Figure 7b while E gs remains temperature independent:
where the E gs /k B T term is set equal to −14 for a reference temperature (T * ) in One missing physical ingredient in the consideration thus far is that intrinsic conformational transition rates should accelerate at higher temperature. This is not taken 
where ln k f and ln k u on the right hand side are the expressions given respectively by equations 8 and 9. Macroscopically, this amounts to introducing an additional enthalpic contribution 24, 26 to the free energy barrier of protein folding. The lower part of Figure 7c shows that incorporating a − ln[A(T )/A 0 ] term can lead to a more realistic description of temperature-dependent protein folding and unfolding rates (c.f. experimental data in Figure 7d ; see also 
DISCUSSION: A NEAR-LEVINTHAL SCENARIO FOR SIMPLE TWO-STATE PROTEIN FOLDING/UNFOLDING KINETICS
The results of the present investigation suggest strongly that the physical interactions underlying the simple two-state folding/unfolding kinetics of small single-domain proteins should involve many-body effects beyond that stipulated by common additive Gō models, even though the physico-chemical origins of these effects remain to be elucidated. Therefore, with regard to protein thermodynamic and kinetic cooperativity, common Gō models with pairwise additive contact energies are not ideal. Apparently, the type of many-body interactions that are conducive to simple two-state kinetics also lead to higher thermodynamic cooperativity, and entail a partial separation between folding-kinetics and native-stabilizing interactions. Historically, an impetus to formulate the Levinthal paradox might have been the discovery in the late 1960s that some proteins were calorimetrically two-state 43 (see ref. 4 and references therein). Naturally, an extreme interpretation of the ∆H vH /∆H cal = 1 property would imply that only two enthalpy levels exist (native and denatured), and thus the landscape should resemble a golf course (Figure 8a ). However, a golf-course landscape dictates that folding would be exceedingly slow, but the folding of real proteins is relatively fast. To address the "why is folding fast" question, recent theoretical discussions emphasize the funnel-like nature of the protein folding energy landscape as a solution to the Levinthal paradox 44, 45 ( Figure 8b) ; and common Gō potentials are often used to model a relatively smooth funnel-like energy landscape. 12 We found that calorimetric two-state cooperativity can be consistent with the funnel-like landscapes of three-dimensional Gō models, provided some lattitude is allowed for empirical baseline subtractions. This is because in these native-centric models, the conformational populations with intermediate energies (enthalpies) -though not zero -are relatively low.
5−8
However, as discussed above, common Gō models are insufficient for simple two-state protein folding kinetics. 7, 8 Because kinetic traps are still significant in these constructs under native conditions, the chevron plots they predicted have severe rollovers. 46 Another shortcoming of common Gō models is that their predicted folding rates are often too fast compared to that of real proteins. 8, 14 In one example, it is at least four orders of magnitude faster. 8 So, in a sense, in the context of recent Gō modeling efforts, the critical question has shifted from "why is folding fast" to "why is folding slow." The present study concludes that a thermodynamic cooperativity higher than that afforded by common additive Gō models is necessary for simple two-state kinetics (Figures 2 and   3 ). This scenario also offers a clue to the "why is folding slow" question. For real, small, single-domain proteins, it appears that the key to avoiding kinetic traps and chevron rollover is to have only weakly favorable intrachain interactions during the folding process (gentle upper slopes of the funnel in Figure 8c ) until a significant fraction of the chain is native-like and ready to come together to form a large number of native contacts at once, at which point strong cooperative many-body effects kick in to stabilize the structure (steep lower slopes of the funnel in Figure 8c ). This idea is implemented in the cooperative models studied here. Indeed, in Figures 3 and 5 , the quasi-linear folding regimes of the cooperative models are in the weakly-interacting unfolding regimes (small −ǫ/k B T ) of the corresponding additive Gō models. Thus, for folding of the cooperative models, the energetic bias is not very strong during most of the conformational search.
This feature serves to diminish the effects of kinetic traps (shallow minima on the gentle upper slopes of Figure 8c ), because the depths of kinetic traps in heteropolymers are often correlated with the overall energetic bias towards the native structure. 27 As a result, folding is faster in the cooperative models relative to other heteropolymer models with deep kinetic traps. But at the same time, the very feature of a weakened energetic bias towards the native structure during most of the conformational search also leads to slower folding in comparison with common Gō models, because the latter have stronger native biases during the corresponding kinetic process. Nonetheless, the reduction in folding rate relative to common Gō models does not make the cooperative models less proteinlike, because even a small bias is sufficient to circumvent the Levinthal paradox, as all of our models fold. In this way, the cooperative model scenario provides a physical plausible answer to the "why is folding slow" question posed above. In fact, for real proteins, folding rates may be further reduced by the inevitable presence of favorable nonnative interactions, which are not taken into account by the native-centric cooperative models here. Anti-cooperativity of certain hydrophobic interactions 47 may also play a role in discouraging premature chain collapse. In this scenario, the energy landscape of a simple two-state protein is still funnel-like but with a narrow bottleneck (Figure 8c ).
The resulting highly bimodal distribution of energy and high thermodynamic cooperativity thus approach (though never equal) that of an hypothetical Levinthal golf course. In summary, our results suggest that intramolecular recognition in real two-state proteins is highly specific. As well, the role of many-body interactions in providing a larger average energetic difference between "native" and "denatured" conformations than that afforded by common pairwise additive interaction schemes have potentially important implications for the discrimination of decoys in protein structure prediction.
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In principle, the many-body interactions proposed in the present work can be character- (c) (a) N N N Kaya and Chan, Fig.8 
